We compare calculated intensities of lines of C ii, N i, N ii O i and O ii with a published deep spectroscopic survey of IC 418. Our calculations use a self-consistent nebular model and a synthetic spectrum of the central star atmosphere to take into account line excitation by continuum fluorescence and electron recombination. We found that the N ii spectrum of s, p and most d states is excited by fluorescence due to the low excitation conditions of the nebula. 
INTRODUCTION
With an apparent simple geometry the low excitation planetary nebula IC 418 lends itself to simpler models with fewer assumptions on its structure and kinematics than are generally necessary to reproduce observations of planetary nebulae (PNe). A recent deep spectroscopic survey of this object by Sharpee et al. (2003) (hereafter SWBH) identified several hundred lines in IC 418 from which Sharpee, Baldwin & Williams (2004) (hereafter SBW) derived ionic abundances for CNONe ions relative to H. Many dipole-allowed line intensities from those ions in that survey cannot be explained by the recombination theory with the same abundances derived from collisionally excited lines (CELs). The intensities of recombination lines are often used to measure ionic abundances because they depend more weakly on temperature and density than CELs. Abundances derived from recombination lines, however, are usually higher than those derived from CELs in the Orion nebula (Esteban et al. 1998; Baldwin et al. 2000; Esteban et al. 2004;  Mesa-Delgado, Esteban, & García-Rojas 2008) , ⋆ E-mails: v.escalante@crya.unam.mx; chris.morisset@gmail.com; georgiev@astro.unam.mx many H ii regions (García-Rojas & Esteban 2007) , and planetary nebulae (Liu et al. 1995 (Liu et al. , 2001b Liu et al. 2006; Tsamis et al. 2008; García-Rojas, Peña M. & Peimbert 2009; Otsuka et al. 2009 ). Williams et al. (2008) showed that CELs probably give the correct abundances because the values derived from CELs are consistent with those derived from UV absorption lines in a sample of four PNe. The discrepancies of less than a factor of 2 found by SBW in IC 418 between abundances from CELs and dipole-allowed lines are smaller than in other objects. Nevertheless it is important to ensure that the intensities of the dipole-allowed lines are not enhanced by additional excitation mechanisms besides recombination whenever they are used in temperature or density diagnostics (Fang, Storey & Liu 2011 ) (hereafter FSL) or abundance determinations.
The usual procedure to determine a species X abundance directly from optical line intensities is to measure the ratio of the intensity of a line emitted by the species with respect to the Hβ intensity and assume that the ratio of column densities producing the lines is equal to the abundance. Specifically, the abundance X/H is taken from the equation
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where I(λ)/I(Hβ) is the ratio of intensities corrected for reddening, ǫ(λ) and ǫ(Hβ) are the emissivities of a line emitted by X and of Hβ respectively, both are integrated over some volume fraction of the nebula covered by the aperture, and ǫ means some kind of average of the emissivities over that volume fraction. Averaged emissivities over the volume within the solid angle of the aperture imply the adoption of average values for the temperature, density and filling factors. An alternative procedure to determine chemical abundances in a nebula is to propose mutually consistent models of the nebula and the atmosphere of the exciting star or stars. The stellar parameters, chemical abundances and density profile of the nebula are inputs to a photoionization model, and their values are fixed by matching the predicted line intensities to the observations. The variation of stellar and nebular parameters of the model can be constrained by direct observations of the star and nebula to reduce the degeneracy of different parameters giving similar matches to the observed line intensities. Morisset & Georgiev (2009) (hereafter MG) showed that a consistent stellar energy distribution (SED) of the central star of IC 418 and a photoionization model give an impressive agreement of predictions and measured intensities of CELs and many recombination lines within observational errors. However most dipoleallowed lines in the SWBH survey were not included in the model by MG, and some of the ones that were included show observed intensities much larger than their predicted values because the MG calculations did not include fluorescence excitation.
In this work we add fluorescence excitation of permitted lines to a photoionization model and a SED similar to the ones used by MG, and compare the results with all lines observed by SWBH that have probable identifications as dipole-allowed lines of C ii, N i, N ii, O i, and O ii and optical forbidden lines of N i and O i. Continuum fluorescence of starlight was suggested as a mechanism to excite permitted lines in ionized nebulae by Seaton (1968) and Grandi (1975 Grandi ( , 1976 . Escalante and Morisset (2005) (hereafter EM) showed that fluorescence in Orion dominates the intensities of N ii permitted lines. The low excitation level of IC 418 and the resemblance of its ionization degree to that of the Orion nebula noted by Torres-Peimbert, Peimbert & Daltabuit (1980) suggest that a similar fluorescence mechanism may occur in both objects.
LINE EMISSIVITIES
In our previous work (EM) we found that the rate of continuum fluorescence excitation typically depends on the absorption of photons in several resonant transitions, also called pumping transitions, to quantum states of moderate excitation. Excitation by recombination on the other hand involves the capture of free electrons into a much larger number of excited states. In the fluorescence and recombination mechanisms subsequent transitions to lower states produce the optical lines observed in ionized regions although many lines in the UV and IR are also emitted.
Our calculation of quantum state populations is based on the cascade matrix formalism described in detail by EM. In that formalism excited states are populated by recombinations and by transitions from the ground and metastable states. The contribution of recombinations to the population of a state j is given by the effective recombination coefficient of the state, α eff j . The effective fluorescence coefficient defined by EM, β eff gj , gives the contribution of pumping transitions from the ground and metastable states to excited states that produce decays ending in state j. Both coefficients can be calculated in terms of the cascade matrix of Seaton (1959) . The emissivity of a line for a transition from state j to i with a branching ratio Pji and frequency ν at a point in the nebula is
where ne is the electron density, n + is the density of the ion before recombination, and ng is the population density of the ground or metastable state of the recombined ion or atom. The branching ratio Pji = Aji/Aj, where Aji is the Einstein coefficient for transition from states j to i, and Aj is the total decay rate of the upper state j. The line effective recombination coefficient is defined as:
It is assumed that the ion density n + can be calculated from the ionization balance condition, and the ground and metastable state populations can be calculated from the balance of collisional and radiative transitions with the aid of a nebular photoionization model.
The cascade matrix formalism assumes that every transition from the continuum or from the ground or metastable state to a higher-energy state is followed by transitions to lower-energy states, and that metastable states are not significantly affected by those transitions. Those are valid assumptions at the temperatures and densities of a photoionized nebula because collisional excitation and deexcitation with electrons control the population of metastable states, but fluorescence can compete with collisions with electrons and atoms in the colder interface of the neutral and ionized part of a nebula. Bautista (1999) proposed that the forbidden lines of atomic N are excited by fluorescence and collisions with electrons and atoms in Orion. Because the collisional excitation of metastable states violates the assumption of downward transitions in the calculation of the cascade matrix, the population densities of the metastable and ground states, nj and n k , must be solved for from equations of the type:
where Aji = 0 if state i is energetically higher than j, and Cji is the collisional excitation or deexcitation rate from states j to i. The summations comprise all the metastable and ground states, except state j. The system of equations (4) is non-linear because the effective fluorescence rates depend on the optical depth of transitions from the ground and metastable states to excited states (see equations [2] through [7] of EM). We found that the system (4) can be solved iteratively by updating the optical depths across the nebula, and then using matrix inversion to solve for the populations nj at each point in the nebula in each iteration. The five-state inversion formulae by Kafatos & Lynch (1990) can be easily modified to include the fluorescence rates in equation (4). The emissivity of a forbidden line is then
Effective recombination coefficients depend on temperature and more weakly on density. They have been tabulated with their radiative and dielectronic parts for spectroscopic terms of astrophysically important ions in the literature. We assume that α eff j for an individual fine structure state of a given term is proportional to the relative weight of the state (2J +1)/ i (2Ji+1). This is a good approximation for direct recombinations from the continuum. Nevertheless it is worth noticing that α eff j adds the contribution of a large number of cascading bound-bound transitions after the free-bound transition, and probabilities of fine structure transitions are not proportional to relative weights. To date only the calculation of effective recombination coefficients of N + by FSL has considered the fine structure splitting of quantum states.
In the calculation of β eff gj we split quantum states in their fine structure components either assuming the LS or LK angular momentum coupling schemes as appropriate or using published intermediate coupling calculations when available. The fine structure of states can be important in fluorescence calculations because quantum selection rules can selectively pump certain states.
The calculation of β eff gj involves a large number of quantum states that can be reached by downward transitions following an absorption from the ground or a metastable state. Metastable states and some core-excited states of the form 2s2p m+1 can build up a significant population under low density conditions because of their low transition probabilities to the ground state. The population densities, ng, in equation (2) include all the fine structure states of the ground and metastable terms. Optical lines involving core-excited configurations have often been attributed to low temperature dielectronic recombination (Nussbaumer & Storey 1981 ), but radiative recombination or fluorescence followed by two-electron transitions can also produce excited-core configurations. EM found that it is important to take into account spin forbidden transitions and core excited configurations in the calculation of β eff gj .
ATOMIC DATA
We used the compilation in the NIST Atomic Spectra Database (Ralchenko, Kramida & Reader 2008) to classify quantum states and store the observed energies and probabilities for some transitions. However we relied substantially on more recent and complete calculations of probabilities from other authors. Systematic variations among different atomic databases have small effects in the cascade matrix in most cases because the calculation depends on branching ratios.
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This ion has the simplest structure. The ground core term produces a doublet manifold of excited states 2s 2 ( 2 S) nl 2 L. Consequently free-bound transitions tend to concentrate in fewer states, and give rise to more intense lines from states with higher quantum numbers. The excited cores 2s2p, and 2p
2 produce quartet and doublet manifolds. We used the populations of the fine structure states of terms 2s 2 2p 2 P o and 2s2p 2 4 P as the variables ng in equation (2) for this ion. Some excited core configurations, like 2s2p( 3 P o ) 3s and 2s2p( 3 P o ) 3p, were also detected in IC 418 by SWBH. We used term-averaged transition probabilities calculated by Nahar (1995) with the R-matrix approach supplemented with spin forbidden transitions from the NIST database. The latter compiles the Opacity Project calculations by Yan, Taylor & Seaton (1987) , and some intermediate coupling calculations by Nussbaumer & Storey (1981) . We split transition probabilities among fine structure components assuming pure LS coupling (Allen 1973) since no significant departures from that coupling have been reported (Wiese, Fuhr & Deters 1988) . We used the effective recombination coefficients calculated by Dayal, Storey & Kisielius (2000) .
N
+
The ground-core term of this ion produces singlet and triplet manifolds of excited states. The fine-structure populations of the terms 2s 2 2p 2 3 P, 1 D and 1 S, were used as the populations ng in equation (2). Terms with the excited cores 2s2p 2 4 P and 2 D were detected in IC 418 by SWBH. Those cores produce singlet, triplet and quintet manifolds. The quintets are not reachable by transitions from the continuum if LS coupling selection rules prevail. Therefore the lines observed by SWBH between λλ 5526.2 and 5551.9, which are probably identified with the N ii multiplet 2s2p 2 ( 4 P)3s 5 P2s2p 2 ( 4 P)3p 5 D o , may be produced by dielectronic recombination out of LS coupling followed by stabilizing transitions to the 3p 5 D o term. Recombination coefficients for those transitions have not been calculated yet to our knowledge.
The atomic data to calculate this spectrum was described in detail by EM. Different calculations of transition probabilities -with due account of the fine structure splitting and breakdown of the LS coupling scheme in 4f and 5g states-generally agree (Lavín, Olalla & Martín 2000) .
Most calculations of effective recombination coefficients give rates for terms in some coupling scheme, usually LS coupling. Escalante & Victor (1990) (hereafter EV) calculated α eff ji for the f states assuming an LK coupling scheme. In that scheme, the core total spin, Sp = 1/2 is added to the total angular momentum L ′ to produce an intermediate an-
with values 3/2, 5/2, 7/2 and 9/2 for the f states. The valence electron spin is added to K to give a doublet of total angular momentum J = K ± 1/2 for each LK term. Victor & Escalante (1988) and EV give transition probabilities and α eff ji averaged over the K states of each mf L ′ term. To get the transition probability to a given K term, the K-averaged probability of the transition nd 1,3 L → mf L ′ must be multiplied by the relative weight (2K + 1)/(2Sp + 1)(2L ′ + 1) of the term. The probability of the inverse transition mf L ′ → nd 1,3 L is the same for all the K states of the mf L ′ term. We split the 3d 1,3 L-4f L ′ multiplets into fine structure components with formulae given by Escalante & Góngora-T. (1990) . Effective recombination coefficients of LK terms were multiplied by the relative weight, (2J +1)/(2Sp +1)(2L ′ +1), to get the fine structure α eff j . All of the above calculations to obtain the recombination and transition rates to individual fine structure Mar et al. (2000) , (6) Shen et al. (2010) , (7) Victor & Escalante (1988) . states assume that the radial part of the dipole transition element of an LS or LK term does not change significantly among different J states of a term.
Recently FSL calculated effective recombination coefficients of N ii fine structure states in intermediate coupling and including the effects of dielectronic recombination. Their rates of certain lines show a hitherto unknown strong dependence on electron density due to the variation of the populations of the parent ion ground states with density. Table 1 shows a comparison of effective recombination coefficients at 10 4 K and two electron densities for some of the most intense lines excited by recombination at that temperature.
There is general agreement between the new effective recombination coefficients of FSL and those of EV at the electron densities of ne = 10 3 cm −3 and 10 4 cm −3 , but there are significant differences in some transitions, most notably in multiplet 3d
3 F-4f F[7/2]. Since there is agreement between the two calculations in some transitions of that term, the differences in the other transitions with the same upper state appear to arise from the branching ratio of the transition, Pji, or more specifically from the transition probability. For the transitions with the largest disagreements in α eff ji , the probabilities of Victor & Escalante (1988) are much smaller than the experimental measurements by Mar et al. (2000) and relativistic calculations by Shen, Yuan & Liu (2010) . Those discrepancies may point to important relativistic effects in some transitions that were not taken into account in the term-averaged values of Victor & Escalante (1988) and the way in which we split the probabilities among the fine structure components. Unfortunately those transitions were not detected in IC 418 by SWBH, although they should be just below their detection limit if the larger branching ratios are correct. Liu et al. (1995) , who found significant effects of LS coupling breakdown in 4f and some 3d terms. Terms with l ≥ 3 are better described in LK coupling (Wenåker 1990) . Effective recombination coefficients were taken from Liu et al. (1995) for the 3d and 4f terms, and from Storey (1994) for other states. The effective recombination coefficients of Nussbaumer & Storey (1984) for terms with the 2s 2 2p 2 1 D core involve only the dielectronic contribution. Transitions between states with the 2s 2 2p 2 3 P core and states with the 2s 2 2p 2 1 D core, some observed with non-negligible intensity in IC 418, may add a contribution of radiative recombination to the terms with the 2s 2 2p 2 1 D core at lower temperatures.
N and O
For nitrogen we used the NIST compilation of transition probabilities mentioned at the beginning of this section. For oxygen we used the model potential calculations of Escalante & Victor (1994) complemented with the NIST compilation for spin forbidden and two-electron transitions. Since these atoms are abundant in the neutral zone, the main transitions pumping the lines by fluorescence will be below the Lyman limit. Effective recombination coefficients were taken from Escalante & Victor (1992) and Péquignot, Petitjean & Boisson (1991) . Effective collision strengths for excitation of O metastable states were taken from Berrington & Burke (1981) and Bell, Berrington & Thomas (1998) 1 S through spin-forbidden transitions from the excited triplet states. Those transitions will be important in the cascade only if the stronger resonant transitions of the triplets are optically thick, the so called case B (Escalante & Victor 1992) , and the temperature is low enough to prevent collisions with electrons and H atoms from dominating the populations of the O metastable states.
MODEL CALCULATIONS
The efficiency of fluorescence to enhance dipole-allowed lines depends on the transfer of starlight, the intensity of the diffuse field and the ion distribution throughout the nebula. Therefore a detailed SED and model of the nebula are required to predict adequately the intensity of permitted lines.
Stellar energy distribution
To evaluate the amount of emitted energy better and increase the resolution of the SED near the wavelengths of the most important pumping transitions, we calculated a new model of the central star atmosphere using the cmfgen code (Hillier and Miller, 1998 ) with a more complex atomic structure than the one used in MG as shown in table 2. The increased number of lines in the far UV region of the spectrum changed the ionization balance of the nebula. Following the same procedure used by MG, we adjusted the stellar atmosphere model, increasing its temperature to 39000 K and keeping the other parameters unchanged. The new self-consistent stellar and nebular models reproduce the intensities of the emission lines common to both models with a quality factor κ(O) (see definition in equation (6) The Doppler shift of the resonant transition frequencies due to internal motions of the nebular gas must be taken into consideration with a SED of that resolution as discussed in section 5.6. We adopted a velocity field V ∝ R 4 with a maximum velocity Vm = 40 km s −1 at the outer edge of the nebula. MG adopted a similar velocity law to reproduce the We did not find a systematic decrease of fluorescence excitation of the CNO lines in the SWBH survey with a higher-dispersion SED as reported for the Balmer lines by Luridiana et al. (2009) . The probable reason is the fact that excited states in multielectron species have several resonant transitions distributed over a range of wavelengths. The fluorescence excitation to those states can increase or decrease with a high-dispersion SED depending on the coincidence of those resonant transitions with the emission peaks or absorption troughs of the stellar wind profile in the rest frame of the absorbing ion or atom. The resolution of the adopted SED is larger than the width of the pumping lines in the gas. Therefore we do not expect any remaining bias in the predicted intensities with the adopted SED.
Fluorescence excitation depends on a large number of resonant transitions, but there are a few transitions especially important in the populations of certain states. Fig. 1 shows two sections of the SED with examples of important transitions in the excitation of N ii lines by fluorescence. The low abundance of N + in the stellar atmosphere produces little depression of the continuum at the N ii pumping transitions in the gas, but other species do produce important absorption features in the SED as shown in Fig. 1 
Photoionization model
The photoionization model calculated by MG took into account the small ellipticity of IC 418 by using the pseudo-3D code cloudy 3D (Morisset 2006) , which allows the calculation of nebular models with complex geometries. The near spherical symmetry of IC 418 and the small angle of the aperture used by SBW allowed us to approximate the nebula with a 1D spherical model to speed up the calculation of thousands of transitions in this work. We extracted continuum opacities, ground and metastable state populations, ion and electron densities, and electron temperatures from version c08.00 of cloudy (Ferland et al. 1998 ) with the SED described above and a density distribution similar to the one used by MG. Emissivities calculated with equations (2) and (5) are then integrated along a beam across the nebula to simulate the size and position of the aperture used by SBW. Images of the slit position on the nebula are given in MG.
The stellar light is attenuated by geometrical dilution and continuum opacity as given by cloudy. The selfabsorption within the resonant transition is taken into account with the 'pumping probability' defined by Ferland (1992) . The calculation of β eff gj uses the escape probability formalism of Hummer & Storey (1992) to approximate the propagation of photons in the resonant transitions with an overlapping continuum in the nebula. This in effect takes into account the variation of optical depth in a medium partially thick in the resonant transitions, a situation named 'case D' by Luridiana et al. (2009) . Additional details can be found in EM.
Although MG used some nebular lines to adjust the stellar atmosphere and nebular model parameters, most of their calculated and all of the calculated line intensities in the present work are ab initio predictions of the SED and 
where R is the distance to the central star in cm. Table 4 gives the adopted values for parameters n0...2, Rin, R1, R2, σ1 and σ2. Parameters R1, R2 have intermediate values between the long and short axes in the ellipsoidal model of MG. This density profile was chosen to match the HST images of the intense nebular lines as discussed in detail by MG (see their figure 5 ). With few exceptions, the predicted line intensities in our 1D model vary by less than 30 per cent when n0...2 are varied simultaneously by 20 per cent or when R1 and R2 are varied simultaneously by 20 per cent.
The photodissociation region
It has long been known that IC 418 has a PhotoDissoci- Taylor et al. (1989) measured an H mass of 0.35 ± 0.05 M⊙ over a radius > ∼ 90 arcsec from the center of the nebula. Thus far there have been no detections of molecular emission in IC 418 (Huggins et al. 1996; Dayal & Bieging 1996; Hora et al. 1999) . Liu et al. (2001a) obtained an average density for the PDR of 10 5.5 cm −3 from observations of the [C ii] 158-µm and [O i] 63-µm and 146-µm lines. That density is much higher than the one needed to explain the radio observations and suggests the existence of a narrow dense shell just outside the ionization front or clumps in the PDR.
The cloudy nebular model can be readily extended to the PDR by adding an outer neutral atomic envelope to the ionized region starting at a distance of the central star R3. We chose the following density profile for the PDR:
where Te is the electron temperature in kelvins, and n3 and R3 are given in (7) allows for a smooth transition between the ionized and neutral material by increasing the density as the temperature drops. The extent of the neutral region needed to match the observed intensities of the FIR O i and C ii lines is just a few percent of the radius of the ionized region. A more realistic model of the ionized and molecular interface needs a hydrodynamic model, which is beyond the scope of this paper.
RESULTS
Selection of observations
Proper line identification of weak spectral lines is a fundamental problem in the analysis of deep nebular spectroscopy. SWBH presented the line identification code emili to automate and standarise an otherwise tedious labour of identifying several hundreds of spectral lines. SBW selected a subset of emission line intensities from the survey of SWBH based on the likelihood of a correct, unique identification as given by emili and the availability of published effective recombination coefficients to determine abundances. Some lines in SWBH were not taken into account by SBW because those lines were probably blended with other emission lines or emili gave more than one plausible identification for them.
We have reexamined the SWBH line list and added many measured lines of C ii, N i, N ii, O i and O ii to the selection of SBW in order to compare them with our calculations either because we could estimate their effective recombination coefficients reasonably well or because they were the most probable contributor to a blend. Some cases for individual species are discussed in the following sections.
Published calculations often tabulate the line effective recombination coefficient in equation (3) for the most intense lines only. Coefficients for weaker lines with the same upper state j can be readily estimated by dividing by the branching ratio Pji of the tabulated transition and multiplying by the corresponding Pji of the desired line as in equation (2). In order to do this consistently, it is necessary that authors publish the transition probability data or at least the branching ratios used in their calculations (Nussbaumer & Storey 1984; Escalante & Victor 1990; Pequignot et al. 1991; Escalante & Victor 1992; Liu et al. 1995) .
The issue of multiple identifications is more complicated. A line with multiple identifications may be either a real blend or some of the proposed identifications may not be real. Our calculations show that in many cases a transition in a possible blend contributes insignificantly to the measured intensity. When a transition in a blend of two transitions of the same species contributes more than 10 per cent of the total intensity, we have added the calculated intensities of the transitions to compare them with the measurements by SWBH. Blends of emissions of the same species are thus compared with our computed spectra without the need to assume theoretical intensities to 'deblend' the observed lines. Blends of emissions of different species are compared directly with the predicted intensities.
Comparison with observed intensities
In Fig. 2 to 6 we compare predicted intensities with observed intensities in a scale of I(Hβ) = 10 4 . Tables 5 to 11 give the predicted intensities of dipole-allowed lines with intensities higher than 8 × 10 −6 of the Hβ strength, which is close to the lower limit of detection in SWBH. Tables 10 and 11 also include predicted intensities of the optical forbidden lines of N i and O i. Some of the wavelengths given in the second column of the table are calculated from energy levels and have limited accuracy. The fraction of calculated intensity due to recombination is given in the third column of the tables. The calculated and observed intensities in the fourth and fifth columns are normalized to I(Hβ) = 10 4 . The bottom line in each table gives the average of the ratio of the intensity due to recombination to the total calculated intensity and the average of the ratio of the calculated intensity to the observed intensity for each species. We have found some undetected lines with calculated intensities above the detection limit in SWBH. Some of them are blended with intense nebular lines, and a few were measured, but apparently not identified by emili. The observed intensity of lines not selected by SBW are marked with '?' in the sixth column of the tables.
The uncertainty of each line intensity depends on several factors like the signal-to-noise ratio (S/N), its relative width with respect to the instrument resolution and whether the line may be blended with other lines. In order to make meaningful comparisons with observations, MG estimated a variable uncertainty of the line fluxes in SBW between 10 per cent for the brighter lines to 30 per cent for the weaker lines. SBW suggest an uncertainty of 20 per cent for lines with a S/N > 20. Most of the lines analysed in this work are weaker than 0.01 times the intensity of Hβ, and have a S/N > 20. Therefore we will adopt a minimum general uncertainty of 20 per cent for all dipole-allowed lines in the SWBH survey.
Our calculations tend to underestimate most of the lines with dubious identification according to emili. Rola & Pela (1994) and Wesson, Stock & Scicluna (2012) have shown that measured intensities of lines with S/N < 6 are strongly biased upwardly. We only have two lines with an underestimated predicted intensity and a measured S/N < 7, which corresponds to a true S/N between 6 and 8 at the 1-σ confidence level according to the calculations of Rola & Pela (1994) . In most of our cases it is more likely that the underestimated predictions indicate incorrect identifications or blends with other lines rather than uncertainties in the measured values. We have not included in the tables and figures features with a dubious identification and a predicted intensity less than 0.1 of the measured value.
The excitation mechanisms of a spectrum can be diagnosed by contrasting the intensities of lines yielded by different atomic configurations as done by Grandi (1975 Grandi ( , 1976 ). Lines from s, p and most d states with the same spin multiplicity as that of the ground state are enhanced in varying degrees by fluorescence relative to recombination lines if the recombined ion concentration is sufficiently high. Transitions from d states that are not connected to the ground or a metastable state by a resonant transition and transitions from f and g states are excited mostly or totally by recombination.
SBW found that some dipole-allowed lines of a species have profiles similar to those of the forbidden lines of the next higher ionization stage of the species, (e.g. some O i line profiles are similar to [O ii] profiles), indicating that they are produced in the same part of the nebula by recombination of the more ionized stage. Likewise they found that other dipole-allowed lines of the same species have profiles similar to those of the forbidden lines of the same ionization stage, indicating that they are produced by fluorescence excitation of that species.
SBW also found a correlation between the line width of the species producing the line and the ionization potential of the species, which indicates a relationship between the line width and the ionization stratification in the nebula. Recombination lines of species with lower ionization potential generally have broader lines and their widths are similar to those of the forbidden lines of the next higher ionization stage, indicating again a common place of origin within the nebula. SBW proposed that line profile and line width similarities can be used to discriminate the excitation mechanism of the lines. The contributions of fluorescence and recombination, however, are comparable in many lines and produce many exceptions to the discriminating criteria proposed by SBW as discussed for particular cases below. Therefore a more quantitative analysis is needed to determine the excitation mechanism of a line.
C ii
The agreement of predicted recombination intensities within 20 per cent of observed values in the SBW selection of 9 lines or blends of lines from f and g states supports the accuracy of the recombination rates for this ion. That remarkable consistency can be explained by three factors concerning the observed high angular momentum states: those states are less dependent on atomic calculation assumptions because of their reduced non-hydrogenic effects, their populations are free from optical depth effects, and their fine-structure components are often blended in spectroscopic terms. In those blends, the effective transition rate of the term is a weighted average of several fine structure transition probabilities so that the total intensity of the blend is the sum of intensities of those components. Quantum calculations with different assumptions tend to agree on the transition probabilities for the more intense components of a term. The average tends to cancel out differences in the calculated A-values of the fine structure components while the summation gives more weight to the components with the larger intensities and lower observational errors. Measurement errors are also expected to decrease with the higher S/N of a blend of several lines belonging to the same term.
Recombinations produce more than half the intensity of most C ii lines, but we find an important fluorescence contribution to all the observed lines from s, p and d states. SBW did not find differences in the line profiles of those lines with profiles of recombination lines as should be indicated by their proposed criteria based on line profile differentiation. The fluorescence contribution is particularly important in multiplets 3p 7/2 at λ 7860.50 are the only f multiplet with a strong discrepancy with observations with an observed intensity 2.8 times larger than the predicted intensity. The discrepancy may be due to uncertainties in the measurement because the observed S/N of 28.7 in SWBH is lower than the other C ii blends of f and g states and the intensity of the other blend from the 9f 2 F term is within the uncertainty interval of the observed value.
N ii
Fluorescence is the main excitation mechanism for most N ii lines in IC 418, but to a lesser extent than in the Orion nebula. The main pumping mechanisms in this ion were discussed in detail by Escalante and Morisset (2005 mentum. That is a well known trend of transition probabilities inferred from atomic data compilations and theoretical considerations (Khriplovich & Matvienko 2007 The dispersion of calculated intensities above and below the observed values of transitions from 4f D and 4f F terms may imply uncertainties in the recombination coefficients or uncertainties in the measurements due to the low signal to noise ratio. There are no significant differences between the effective recombination coefficients of FSL and EV for those lines as shown in table 1.
For the lines from 4f G terms the agreement between predicted and observed intensities is within 20 per cent for nearly all lines. The only exception is the line 3d 3 F o 4 -4f G[7/2]3 λ 4058.16 mentioned above with an effective recombination coefficient by FSL more than twice the value of EV. Even so, the value by FSL is not large enough to explain its intensity if it is indeed N ii emission.
Finally the line 4d
1 F3-5f G[9/2]4λ 9794.05 is the only line from a 5f G term above the detection limit, and is strongly underestimated by a factor of 7.6 in intensity, with a S/N of 9.0 and no alternative identifications.
The line at λ 4674.903 was measured but not identified by SWBH. Our calculations predict the N ii spinforbidden transition 3s 6 5 D3-3d 6 3 F22λ 4667.010 respectively. Our calculations predict an intensity 0.09 times weaker than the observed value for the O i multiplet (see section 5.8) while the agreement with predicted intensities for both lines is much better if our proposed identifications as N ii lines are correct. 
2 F 7/2 λ 4699.011 for which we lack a published recombination coefficient, and probably contributes to the intensity of the line, which appears somewhat underestimated in our calculations.
The dielectronic recombination coefficients from Nussbaumer & Storey (1984) give a good fit to the observed intensities of lines of configurations with the excited core 2p 2 ( 1 D). We estimated the coefficient of some lines not listed by Nussbaumer & Storey (1984) by scaling the coefficients of other lines by the corresponding branching ratios as explained in section 5.1. Nevertheless many other O ii lines with an excited core listed in SWBH lack effective recombination coefficients and were left out of our calculation.
We added eight lines identified by SWBH to the selection in SBW. Some may be blended with transitions from other ions, but O ii probably contributes most of the intensity of the line. Line 3p 4 P and 3d 4 D also tend to be underestimated in our calculations, and the reason appears to be uncertainties in the transition probabilities. The A-values for those terms calculated by Nahar (2009) are significantly lower than those quoted in the NIST database from Veres & Wise (1996) and Bell et al. (1995) . The NIST values give a much betteralbeit insufficient-match to observations with predicted in- tensities 0.09 to 0.4 times the measured value, far below the assumed observational uncertainty. Some comparisons with the observed and calculated line intensities with different A-values are given in table 8.
The velocity field
The pumping transitions in fluorescence excitation will be Doppler shifted in an expanding nebula, and absorb the stellar flux at longer wavelengths. Our high-dispersion SED gives the chance to notice the effect of the velocity field of the gas on the intensities of some lines mostly excited by fluorescence. Several authors have used different velocity fields to model forbidden-line profiles in PN (Neiner et al. 1996; Gesicki et al. 1996; Zhang 2008) . We have assumed two accelerating velocity fields, V ∝ R, and V ∝ R 4 with a maximum velocity of 40 km s −1 at the outer edge of the nebula, which are similar to fields considered in the literature. Tables 5 to 7 were computed with the V ∝ R 4 field. Although PN shells are expected to expand, we also considered a static field with zero velocity for comparison purposes.
Turbulence is another component of the velocity field that must be considered. Turbulence of 14 km s −1 was needed to model broad line profiles in a PN with a WolfRayet central star, but was not needed for O-star PNe by Neiner et al. (1996) . Morisset & Stasińska (2006) , however, -3d 4 D 3/2 † 3p' and 3d' are core excited configurations 2p 2 ( 1 D)3p and 2p 2 ( 1 D)3d respectively. have shown that broadened line profiles in PNe can be explained with a non-spherical geometry with negligible turbulence. In our case turbulence increases the pumping probability because it increases the width of the Voigt profile of a pumping transition (see equations [3] and [4] of EM). We considered a moderate turbulent field of 3 km s −1 . Table 9 shows some of the lines that exhibit the largest variations in intensity with different velocity fields.
The effect of a non-zero expansion velocity is stronger in lines that are pumped by a single transition from the ground or a metastable state like the N ii lines from the states 3d Lines that are pumped by more than one transition generally do not show large changes because variations in the intensity of the stellar flux at the wavelengths in the rest frame of the absorber tend to cancel out for the different transitions in a multiplet. One exception are lines from the N ii 3d 3 P o 1 state with two main pumping transitions from the ground term at 2p 2 3 P0-3d 3 P o 1 λ 529.355 and 2p 2 3 P1-3d 3 P o 1 λ 529.491, which receive an increased stellar flux simultaneously at a redshifted wavelength.
The sensitivity of lines affected by fluorescence on the velocity gradient depends on the ion spatial distribution within the nebula. The variation of intensities between the static and accelerating fields with no turbulence is comparable or slightly larger than our assumed uncertainty of 20 per cent for most of the N ii and O ii lines in table 9. Since the O + ion is more extended towards the inner parts of the nebula, O ii lines are more sensitive to the field gradient, with variations in intensity larger than the assumed uncertainty in the V ∝ R field. The C + and N + ions are more concentrated towards the outer parts. Their fluorescence lines are nearly insensitive to the choice of velocity field with the exception of the three N ii lines 3p 3 D1-3d Turbulence is the most important factor in the intensity of the C ii lines because of the high C + column density and optical depth of its pumping transitions. Most C ii lines affected by fluorescence increase their intensity by 30 per cent in a 3 km s −1 turbulent field with respect to a field without turbulence.
N i
Fluorescence is important in atomic nitrogen because several resonant lines are just below the Lyman limit. The observed N i dipole-allowed lines are quartets in the 3s-3p array mainly produced by absorptions in multiplets 2p 3 4 S o3d 4 P λλ 953.415-953.970 and 2p 3 4 S o -4s 4 Pλλ 963.041-964.626 followed by decays to the 3p terms. SBW noted that the similarity of the line profiles of quartets and the N i forbidden lines points to fluorescence as the main excitation mechanism of the N i quartets. A 3 km s −1 turbulence increases the intensity of the N i quartets by a factor of 3 because of the large optical depth of the pumping transitions, and brings them within the uncertainty interval of the observed intensities.
Fluorescence The fluorescence contribution to the forbidden lines depends on the A-value of the spin-forbidden λ 954.104 mentioned above. Intermediate calculations by Hibbert et al. (1991) Goldbach et al. (1992) measured 3.30 × 10 7 s −1 , which is the value listed in the NIST database and adopted by us.
The measured intensities of the forbidden lines show the largest discrepancy with our predicted values for N i. The agreement with the fluorescence lines improves if the density and size of the PDR are increased, but the forbidden lines remain underestimated for reasonable values of the PDR parameters in equation (7). As shown by EM in Orion, the efficiency of fluorescence excitation grows in a manner analogous of the curve of growth. An increasing column density eventually saturates the pumping transitions and the fluorescence excitation grows logarithmically in the line wings.
We only added the two lines 3s 
O i
The triplet terms are excited by fluorescence in the PDR of IC 418 through a large number of resonant transitions of comparable strength from the ground term 2p 2 3 P, a situation also encountered in Orion by Lucy (2002) . Triplet O i line profiles shown by SBW are similar to those of the O i forbidden lines in support of the fluorescence excitation mechanism. The quintets on the other hand are produced in the ionized region by recombination of O + with no contribution from fluorescence because they are not connected with strong transitions from the ground term and recombination preferentially populates higher multiplicity states.
SWBH identified several multiplets between terms 3p
3 P and 3p 5 P and s states with principal quantum number n = 5 to 8 and d states with principal quantum number n = 4 to 7. SBW does not list them although their identifications seem certain and only their effective recombinations are lacking in Pequignot et al. (1991) . The effective recombination coefficients for those terms were calculated by Escalante & Victor (1992) . Our calculations tend to underestimate systematically the quintet and some triplet intensities by a factor of 1.3, which is slightly higher than the assumed uncertainty and suggests that the effective recombination coefficients of Escalante & Victor (1992) may be underestimated. The effective recombination coefficients of Pequignot et al. (1991) are higher by about that same factor, and thus give a closer agreement with the observations. The forbidden lines of the ground configuration 2p 4 3 P2-2p 4 1 D2λ 6300.30, 2p 4 3 P1-2p 4 1 D2λ 6363.78 and 2p 4 1 D2-2p 4 1 S1λ 5577.34 are excited by electron collisions with negligible contribution from fluorescence in the warm interface of the PDR and ionized region. Our predicted intensities for those lines are underestimated by the same amount as the recombination lines, but they are more sensitive to the density than the N i optical forbidden lines. If the n3 parameter in equation (7) at λ 4772.91 should be theoretically stronger by 2.3 and 1.4 times the intensity of the λ 4654.56 multiplet respectively according to the recombination rates of Escalante & Victor (1992) , and should be above the noise in their respective parts of the spectrum. As noted in section 5.4, an identification as a N ii line is more likely, and therefore the line at λ 4654.56 is probably a misidentification as a O i line.
Variation of the SED
We compared results calculated with the original SED of MG and the new SED described in section 4.1 to gauge 
SUMMARY
We have calculated the intensities of weak emission lines of C ii, N i, N ii, O i and O ii using a consistent nebular model and SED, which proved successful in previous work in reproducing the intense emission lines and overall density diagnostics and surface brightness maps of IC 418. We compared our calculations with a published deep spectroscopic survey taking into account the fine structure of the lines and including some weak lines with possible blends. Although this nebula shows an almost spherical symmetry, our calculations do take into account the position, size and orientation of the aperture used in the observations. As in our previous work on the Orion nebula, we found that fluorescence is responsible for the excitation of lines from s, p and d states in N ii. Fluorescence also contributes significantly to the excitation of most lines of the s, p and d states in C ii and some p and d states of O ii while the rest of the O ii states are mostly excited by recombination. Some lines excited by fluorescence are sensitive diagnostics of the details of the SED, the expansion velocity gradient and turbulence of the nebula, the transition probabilities involved in the pumping mechanism, and their intensity is closely related to lines in the stellar atmosphere. The recombination rates can explain most of the observed intensities from f and g states of all species in the ionized region although there are many observed transitions with excited core configurations awaiting the calculation of their effective recombination coefficients.
Ionic abundances deduced from dipole-allowed lines assuming pure recombination rates without taking into account fluorescence excitation of the lines can be overestimated by factors of up to 10 for C ii, 200 for N ii, 2 for O ii, and 500 for N i and O i depending on the transition being considered, and a detailed nebular model and SED are needed to properly estimate ionic abundances from lines mostly excited by fluorescence.
The automated procedure of line identification with the emili code seems to be in accordance with our calculations because the largest discrepancies between predicted and observed line intensities tend to occur in lines with dubious identifications or blends as indicated by that code. A deep spectroscopic nebular survey coupled with an appropriate line identification procedure can prove useful to test the accuracy of quantum mechanical calculations of atomic data.
The N i quartet and O i triplet lines are produced by fluorescence in a narrow and dense interface of the neutral and ionized regions. Electron collisions compete with fluorescence in the excitation of the [N i]λ 5200.26 and λ 5197.90 lines while fluorescence contributes a negligible amount to the excitation of the [O i]λ 6300.30, 6363.78 and λ 5577.34 lines. However our calculations tend to underestimate systematically the observed intensities of the [N i] lines by a factor of 5, and further work on the modeling of the PDR is necessary to fully understand the formation of those lines.
